results between these 2 methods is not clinically relevant. Irrespective of the assay used for future NHANES monitoring, population reference ranges will change to higher values; however, MA-determined cutoff values for deficiency (10 ) could be directly applied to the LC-MS/MS because of its excellent agreement with the MA. Some advantages of the LC-MS/MS compared with the MA are that it provides information on the different folate species in addition to TFOL and it is less prone to interferences such as antibiotics. BR underrecovery of 5CH 3 THF, the main circulating form of folate, is likely the major reason for its lower results. A model will be required to convert results from the old or the new NHANES method for time trend analysis. Our model provides an excellent fit over a wide concentration range. This information may also be useful to the international community in that national data generated with the MA can now potentially be compared with US reference ranges.
Background: C-peptide measurement has been widely used as a marker of insulin secretion in patients with diabetes. We assessed the comparability of C-peptide results obtained with different methods and by different laboratories and determined whether C-peptide results could be harmonized by normalization with a WHO reference reagent or with plasma. Methods: We sent 16 different heparin plasma samples to 15 laboratories in 7 countries. The samples were analyzed with 10 different assay methods. A WHO C-peptide standard was also sent to each laboratory and used to determine the feasibility of normalizing results. To assess the impact of calibrator matrix on the comparability of results, we also used the mean results of all laboratories for 4 of the samples to normalize the remaining sample results. Results: Between-laboratory variability increased with increasing C-peptide concentrations. Normalization of results with WHO reference reagents did not improve comparability, but normalization with samples significantly improved comparability among laboratories and methods. The 95% confidence interval estimate for the SD for the lab/method effect (0.0 -0.061) using samplenormalized values did not overlap with the 95% CI estimate with the raw data (0.090 -0.225). Conclusions: C-peptide results generated by different methods and different laboratories do not always agree, especially at higher concentrations of C-peptide. These data support the concept of using a single laboratory for multisite studies and support efforts to harmonize Cpeptide measurements by use of calibrators prepared in the sample matrix.
biologically active (3 ) and may play a role in preventing and possibly reversing some chronic complications of type 1 diabetes (4, 5 ) . C-peptide is also important in the diagnosis of insulinoma/endogenous hyperinsulinemia (6 ) .
Despite the fact that measurement of C-peptide has become increasingly important, the accuracy and between-laboratory comparability of C-peptide results have not been thoroughly evaluated. In 2002, the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) organized a C-peptide standardization committee and funded an international comparison study of C-peptide assays to assess the comparability of C-peptide results within and among laboratories involved in diabetes-related long-term research studies. The goal of the study was to assess the degree of comparability of Cpeptide results among methods and laboratories and to determine whether C-peptide results could be normalized to make comparing and combining data from different laboratories and studies more feasible. The comparison study was coordinated by a central laboratory at the University of Missouri-Columbia and was overseen by the C-peptide Standardization Committee. The members of the Committee and the participating laboratories are listed in Appendix A.
The study was conducted by the Diabetes Diagnostic Laboratory (DDL) at the University of Missouri-Columbia. The protocols were approved by the University of Missouri Health Sciences Institutional Review Board and all participants gave written informed consent. Three laboratories used more than one assay for C-peptide analysis, which resulted in a total of 20 laboratory methods being evaluated. Five laboratories used the Linco RIA; 1 additional laboratory used Linco C-peptide antibody with in-house isotope and precipitating reagents. Four laboratories used the Diagnostic Product Corp. (DPC) Immulite chemiluminescence immunoassay system, and 3 laboratories used the DPC RIA kit. Two laboratories used Tosoh Bioscience AIA-600II, an automated immunoassay system. The other methods-Liaison Immunoluminometric assay (ILMA) (DiaSorin), Biochem Pharma RIA, Shionogi RIA, Dako ELISA, and PerkinElmer Time-resolved fluoroimmunoassay (FIA)-were each used by 1 laboratory.
Heparin plasma samples were collected from 8 nondiabetic volunteers after they had fasted overnight and 60 min after they had consumed a standard meal (Boost™, Novartis Medical Nutrition). The samples were shipped frozen on dry ice and kept at Ϫ70°C in the laboratories before analysis. Laboratories were instructed to analyze the specimens on specified days, in the same manner as they would analyze clinical specimens, and to provide a single result for each specimen.
Along with patient specimens, the laboratories received a WHO C-peptide reference reagent (standard) to assess its commutability and to determine the feasibility of normalizing results to this standard (7 ). This standard was prepared in the central laboratory with a vial of C-peptide stock solution into which was dissolved 1 ampoule of WHO IRR 84/510 standard (10 g) in 25 mL of distilled water (8, 9) . The resulting solution (400 ng/mL or 132.4 nmol/L) was shipped on dry ice along with the samples. Each laboratory serially diluted the standard solution with their own assay buffer to make 4 preparations that were then analyzed in each analytical run.
To assess the impact of the calibrator matrix on the comparability of results, 4 of the samples were used to normalize the results from the remaining 12 samples. The mean of all laboratories' results for each sample was used as the assigned value for each of these sample calibrators. To compare the effect of normalization with WHO standards and normalization with samples, normalization was applied to the same 12 samples for both analyses. The 4 samples used as sample matrix calibrators were therefore not included in the normalization with WHO standards.
We performed all data analyses with Excel and SAS. Most laboratories in this study reported C-peptide results in nanograms per milliliter, but a few reported results in SI units (nmol/L). All C-peptide results were converted to SI units (nmol/L) before data analyses. Because scatter plots of the data indicated increasing variability in responses with increasing C-peptide, the model assumed constant CV. Weighted regression methods were used with weights inversely proportional to the variance. We performed iterative re-weighting because the variance had to be estimated from the modeled regression results.
For each laboratory/method, 2nd-degree equations were fitted by use of laboratory/methods values for the WHO standards on y and the "true" values for the standards on x; weights based on constant CV were used in the weighted regression analyses. In all but one case the coefficient for the squared term was not significantly different from zero, and in that case the fitted quadratic curve visually showed minimal curvature. Therefore, we performed normalization with simple linear relationships. The weighted regression analyses were run again using the normalized values and the same analyses were performed when we used samples as calibrators.
Visual inspection of the data showed that one laboratory's results (using the DPC Immulite method) did not show consistent increases with increasing C-peptide concentrations and was therefore considered an outlier (Fig.  1a) . This laboratory's results were therefore excluded from all further evaluation.
The assay survey of participating laboratories showed that 6 of the C-peptide assay methods were already calibrated to WHO standard IRR lot 84/510 (DPC RIA, DPC Immulite, Linco RIA, Tosoh AIA, DiaSorin ILMA, and in-house RIA). Two of the laboratories reported that their methods were not calibrated to WHO standards (PerkinElmer FIA, Shionogi RIA), and no information was available for 2 of the methods (Dako ELISA, Biochem Pharma RIA).
C-peptide results before and after normalization with WHO standard (Fig. 1A and 1B) showed that the 95% confidence interval (CI) estimate for the SD for the lab/ method effect (0.172-0.456) overlapped with the 95% CI Clinical Chemistry 53, No. 4, 2007 estimated with the raw data (0.090 -0.225). This result suggests that WHO normalization was ineffective in reducing the variability of C-peptide results within and among the lab/methods.
As with the WHO normalization, weighted linear regression analyses were used for each of the assay methods for normalization with the 4 patient samples. Results (Fig.  1C) showed that the 95% CI estimate for the SD for the lab/method effect (0.0 -0.061) using normalized values did not overlap with the 95% CI estimated with the raw data (0.090 -0.225). This result shows that normalization with sample calibrators was effective in reducing variability of C-peptide results.
The importance of measuring C-peptide has increased significantly in recent years with the evidence from the DCCT that higher C-peptide concentrations are associated with improved hemoglobin A1c concentrations, less hypoglycemia, and less retinopathy and nephropathy (10 ) . Furthermore, stabilization of C-peptide concentrations is being used as a measurable endpoint for immunomodulatory trials in type 1 diabetes (11, 12 ) . Our data show that a wide variety of C-peptide assay methods are being used by laboratories worldwide, and that the C-peptide results generated by the different methods, and even in some cases by different laboratories using the same method, are not always comparable. This finding has important implications for studies in which C-peptide results from different laboratories involved in multicenter studies are compared or combined for data analyses and for clinicians following patients over time if samples are tested at different laboratories.
Normalization using specimens achieves a modest improvement in comparability but the harmonization may be inadequate to fulfill the requirements of clinical trials. Our data reaffirm the difficulty in achieving standardization of C-peptide measurements because, like many polypeptides, C-peptide does not appear to behave the same way in pure calibrators as it does in patient samples, i.e., the commutability of pure standards is poor (13, 14 ) .
Recently, isotope-dilution liquid chromatography-mass spectrometry has been proposed as a reference measurement procedure for serum C-peptide (14, 15 ) . Further studies are needed to determine if this method may be useful in standardizing measurements of plasma/serum C-peptide.
It is important that comparability of C-peptide results between laboratories be addressed before the initiation of large-scale trials involving multiple laboratories performing C-peptide analyses. The data presented here support the concept of using a single core laboratory for such studies. Our data also illustrate the need for efforts to standardize C-peptide measurements by use of materials prepared in sample matrix.
